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• UARS/EOS class spacecraft 

• evolutionary Space Station Freedom class of spacecraft 

Identify areas where CSI technology application would be most beneficial and propose areas 
for future CSI benefits tasks. 


Project Scope 
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The GE torque disturbance simulations were reproduced to verify the NASTRAN model and 
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As the size of the slewing payload increases, the resulting disturbances also increase. The 
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Approach (cont.) 
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Note that all these equations are essentially transformed varieties of the same equation. Modal 
damping is added at the level of equation (4). 


Simulation Methodology 



MLS Scan 3 Disturbance Profile 
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Each pulse cycle lasts approximately 58 seconds and the cycle is repeated approximately every 
67.6 seconds. Each of the two pulse pairs produce a net torque of zero, so that the rigid-body 
response is constant between the individual pulse pairs of the sequence. This is a "step and dwell 
scan profile rather than a continuous slew profile. 


MLS Scan 3 Disturbance Profile 

One MLS scan 3 cycle consists of 27 forward pulses and 2 return pulses. 
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Response to MLS Scan 3 Disturbance 
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Rigid-Body Response 
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Rigid-Body Response Equations 
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Which Flexible Modes to Compensate? 
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Modal Importance at WINDII to Repeated MLS Scan 3 Cycles 
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Flexible-Mode Response Equations 
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Flexible-Mode Response Equations 

Response to one forward or return pulse pair 
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Pointing Error with Gimbal Noise 



CSI/MMC Final Report 











</) 

</> ” 
0 F^» 

J5 0 

Q.'S 
c E 


£ a) 

© c 
> o 

V) Q- 


CM H 

’ ® i— 

£ c\l 

O <D 
<D W 

Sc 

O — 

wQ 
2 2 

® ^ 


w w/ ' 

W _ W 
C .£ CD 

o J2 

Q. :=: 3 u) 
</> LJ q_ <D 

5 1 E ■§ 

® > 3 Q. 

V ^ -M 

= ~ <D C. 


Ol CO 
W CD 

« a 

m C/> 

| 2 

« e 

.E <1) 

§ = 
CD 3 


® a 


E ® 
2 - 

c | 

•S « 

to ® 

•TZ CO 

O c 

x o 
o §. 

CD W 

-c 2 

■M 

o 0) 


§_~ — xi 

M- f- m 4 - 


U. <— 

to .E 


— <D 
(0 ( 1 ) 
"D (0 


(0 (0 


® r 

~0 o 

CD ® 
.!= >. 

^ 8 

</> ~ 

! 1 
t g> 

(0 (0 


6 o> -£ 

ilr S 

£ ra 1= 

to J£ £ 

+4 5 "n .? 

(0 O c w 
® w <° o 


c to 
O F 


C 

|.I 

II 

o a 
2 2 


I S' 

0 C 
CD 

C/) 3 
5 cr 


*? 

2 | 
2 « 
® £ 
« + 
^ >s 

O 0 s 
fc O 

® + 

3 o 

!E to 

W Jr 

0 O 
^ fc 
0 <1) 

£ & 

1 § 

*§■ 
</) kl 

■M * 4 — 

O 

0.0 


<D 

_C ® 

cl 

o E 

o 76 

to 3 

9-o 
E to 

~ CD 

E ■*= 

8 o 

*1“ 4—* 

c tD 

O) to ,j 

»■§ 2 

to aj 

> 

a >12 

•c to a: 
§ 5 o 

tD 2 2 

c s - ! 

J|3 

cr 2. cd 

( 1 ) o V. 


76 £ ~ 
E ~ - 
■ to CO to 
■>« c 

m c ° 
® CD ‘X= 
.> 0.0 

SE| 

2 8 2 


® to 

Z 8 

® to 

2 8 

■M U 

to o 
O c 

11 

-C tD 

$ O- 

0 CO 

82 
£ CD 
CD jC 
it: K 

^ d 

o-B 

s 8 

3 C 

cr tD 
CD Q. 

- E 

CD O 

sz o 


2 8 

tO C 


1 ne elimination or tne responses due to the impulsive return pulses is not affected by the 
frequency error. A frequency error in the compensation causes an eventual build-up of phase 
error that is the root of the residual MMC error, but has little impact over the initial residual 
error to a specific disturbing event whos timing is known (where "short term" implies much 
shorter than the period of the frequency error). 
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Mode 11 MMC - Effect of Frequency Error 
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MMC with 10% Frequency Mismatch on Both Modes 
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Effect of Modal Frequency Uncertainty 
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Sensitivity of MMC Error to Frequency Uncertainty 
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due to the return pulses are still eliminated by flexible-mode MMC regardless of frequency errors. 
Hence, even a break-even point for the flexible-mode MMC will reduce the error over that apparent 
with just rigid-body MMC applied. For typical on-orbit observed solar array damping of 1%, the solar 
array fundamental mode frequency should therefore be known to within about 2%. 
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Equations for MMC with Frequency Errors 
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Equations for MMC with Modal Damping Errors 
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lower damping. If the compensation damping is always larger than the actual modal damping, then 
the flexible-mode MMC will not increase the pointing error from the pre-MMC level. 
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Mode 7 - Effect of Modal Residue Error 
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Mode 11 • Effect of Modal Residue Error 
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Mode 1 1 - Effect of Modal Residue Error 
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MMC with Modal Residue Errors 
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Equations for MMC with Modal Residue Errors 


y- 


0 

0 




0) 


CO 


0) <1> 


<0 


0 


£ to 
H £ 


© 

x: 

co 

c © 
0) O 

£ -o 

§| 

© m 


0 

i 

0 


0 

0 

C 

a 

(0 

<D 


° © 


(0 


■O 

^ o 

** E 
(0 — 
(0 (0 

CD £ 
P o 

I « 

(0 <D 
<D £ 
£ c 

CO 


CO 

CO 

<D 

g© 

CO "O 

© 8 

co E 

<D O 

0 ~ 

1 CD 

II 

0 c 

©«? 

- 7 

§ E> 
-g jo 

8 .2 

c 9 


CD 

3 

•D 

'(0 

8 

c 

o 


CO 

8 

o 

E 

o 

c 

CO 


CO 

CO o 
c ~ 

CD Q) 

E-o 

8 o 


CD 


CD 

Q) 


CO J- 
CO O 
C t 
<D CD 
a. _ 

E © 

s| 

(D c 

£ O 


O CD 

fc .2 

CD £ 

©> © • 

. E _c O 

.E O 2 

2 2 

Cl cd 

© -2 


o 

c 


’Si?® 


o 
c 

.g> c 

CO CO 

2 3 J 
0 


c 2 

0 O 
r- 


0 ^ £ 

$ 0 0 
P T 0 


- s> s 


O 0 
L .c 
0 ~ 
r v 0 

O 0 

2 <0 

0 0 

x: "o 


o 

c 


ii 

75 © © 

2 x: Q) 


© 

-i i 

© Q 

3 2 

o f 

© ^ 

© 0) 
x: y) 

t: © 

s ° 

x: .2 


© £ 

© © 

£ © 

10 2 

.2 8 . 

S £ 

w -2 
8 o 
c E 

O q) 

© £ 

c ^ 

© J5 

E - 

o © 

o p> 

© jo 

£ © ,j 

o -° 2 

C >. © 

.E 5 © o> 
© £ c 

© ©V 
x: — .E 

— ~ o 

— $ Q- 


'loco © 
k -I © 
£ 2 c 
> “ Q. 
^ E o 

o CL 
4 = Cl 
— © 

v Q © 

E z £ 

©<JB 

c c C 
© o 5? 
in 

8 o 


0 

0 


J & 


0 


0 

0 


T3 

C 

0 


0 


; 0 


0 o p 

.> 0 E 


o 

0 


0 

QLjE 
0 ^ 


0 

£ 

0 


0 
0 
O) 
0 
"O 
c 
0 
Q. 
a. 
0 

E 
o 
o 

JO 

(fi 
QL 
- ULI 
0 Nj 

73 

c 
0 

r 

k- 
0 


73 

C 

0 

r- 

0 

0 

73 

o 

E 


>* 

"O 

0 

X) 

1 

~p 

’O) 

« 8 

0 V- 

0 


8 

O 

'8 

Q. 

0 


0 

Z o 

0 

r\ 0 


0 .2 


O 
O 

0 C 

-§ © 
c o 

2 © 

8:8 

0 E 

a> 0 

0 (A 
0) .2 

£ 0 
r_ o 

0 ;g 

C W 

Q 2 
© "© 

1 O 

S E 


N 


If the compensation residues are intentionally scaled down to be less than the actual residues, 
MMC cannot increase the pointing error from that before MMC. 
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study for errors in the modal frequency. For UARS, with an almost zero-momentum bias control 
system, there is no significant nutation, and this problem is not apparent. Only the effect shown here 
concerning the residual rigid-body "drift" will be seen. 
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to a 360 degree phase shift. The associated MMC error is not necessarily zero however, since 
the scan stops and restarts, and the transients are not compensated correctly. This plot 
indicates the maximum safe frequency for a modal compensation candidate (prior to which the 
normalized magnitude is less always than one). 
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Equations for Rigid-Body MMC with Time Delay 
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Equations for Rigid-Body MMC with Time Delay (cont) 
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Equations for Flexible-Mode MMC with Time Delay 
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Equations for Flexible-Mode MMC with Time Delay 

For a forward pulse: (Td > Tf+T) 
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Equations for Flexible-Mode MMC with Time Delay (cont..) 
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Equations for Flexible-Mode MMC with Time Delay (cont.) 



ioo Equations for Flexible-Mode MMC with Time Delay (cont.) 


Equations for Flexible-Mode MMC with Time Delay (c ont.) 

For a return pulse: (2T < Td < Tr) 
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102 Equations for Flexible Mode MMC with Time Delay (cont.) 
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Effect of Larger Disturbances 
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MMC Error with Larger Disturbance 
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i 12 U ARS Roll Axis Normal Mode Controller 
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Structural mode damping assumed at 0.002. 

Gyro parameters assumed: 2 Hz. bandwidth, damping 0.5. 
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Baseline Pointing Error with Normal Mode Control 
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1 16 Direct Feedback Compensation at WINDII 
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118 Pointing Error with Direct Feedback Compensation 
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120 Effect of Sensor Performance 
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122 Sensors and Feedback with MMC 
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(non-appendage) mode of the Space Station when there is no payload dedicated sensor, but 
only one separated from the payload by a flexible path. 

An MMC scheme can be used as a backup mode for the sensor feedback if redundant sensors 
are too expensive. 
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Sensors and Feedback with MMC (cont). 
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Rigid-body response to disturbance eliminated. 


CD 

JZ 

0 

C 

E 

0 
-♦— > 

0 

~o 

0 

Q_ 

0 

_0 

2 .2 
Q_ O 

^ o 

Q_ 0 
C T3 
— O 

.2 E 

O >< 

0 3? 

CL * 4— 
£ O 


0 

o 

c 

0 

tr 

o 


X 
0 

Q. 

E 

o. 8 

E -O 
1Z <D 
0 ~ 
"D 3 
O O’ 
0 


0 

T 3 

"0 

"D 

O 

E 

o 

E 

0 

c 

"D 

E 

0 
-*— > 

0 

>* 

0 


0 

> 

+j 

0 

C 

0 

0 

o 


o 


^ 0 
-D B 

O 0 

-9 E 
_0 0 

2 0 
X CL 

:§ "0 

go 

i E 

Q_ 0 
Q_ -C 

-I 

jQ 0 

-H 

0 -D 

gl 

0 0 

CD 0 
.2 3 

.E o 
o 0 

o 
0 

O T5 
3 0 
"D .hi 
0 Z5 = 

*“ cr o 
>. 0 **- 

-*— > *— Q) 

C 0) JC 

0 — 

.2 Q c 


D) 

c 

£ 

o 


c 

O) 

‘0 

o 


E ^ 
0 2 

r - 

0 E 


0 

tr 

0 

c 

E 

0 

0 

x 

0 

O) 

c 

“O 

J3 

o 

>, -E 


0 

> — 1 


c 

0 


0 



13 

■Q 


cr 

0 

*0 

0 

CD 

M— 

i_ 

C 

0 

0 

CL 

T3 

U 

E 

O 

O 

0 

E 

E 

“D 

• 

• 

• 


o 

0 

JO 

T3 

0 

0 


0 

0 

v_ 

C 

o 

O 


c 

0 

tr 

o 

CL 

E 

0 

0 

_0 

CD 

C 

Q_ 

E 

0 

■Q 

"0 

"O 

o 


t: 

o 

CL 

0 

cc 

0 

c 

■ MB 

LL 

O 


CO 

o 


0 


Summary (cont). 





CO 

f= 

o 

■ i^H 

ts 

T5 

a> 

E 

E 

o 

o 

o 

oc 


a 3 

c 

0 

E 

0 

k_ 

3 

0 

0 

0 

E 


0 

0 
.Q 

1 

C 

o 

O) 

c 

'0 

3 


_Q 

0 

Q. 

0 

O 


0 

1 

c 

o 

0 

> 

o 

U— 

Q_ 

E 


0 

3 

"O 

o 

0 

_Q 

~o 

0 

0 

is 

SI 

3 W 

^ 0 
L. +-» 

(1) -pt 


® S 

'0 "O 

g J/5 
o O 
•0 2 
.55 D) 
E c 

2 0 
3 -g 

5 E 

if 

"D 3 
0 O" 
~ 0 
g. "O 

ST 10 

P C 


0 

0 

•D 

O 

E 

$ 

0 

>■*— 

C 

O 

c 

0 

tr 

o 

CL 

E 

0 

o 

E 

0 

tr 

0 

_C 

E 

0 
-*— > 

0 

0 

0 

0 

O 

C 

0 

3 

cr 

0 

i_ . 

0 

0 0 
E c 


co 

DC 

< 

"U) 

0 
-f— ' 

0 

E 

0 

i_ 

0 

Q_ 

"0 

~o 

O 

E 

E 

0 

0 

>* 

0 


£ 

0 
-*— < 

0 

~o 


0 

1 

c 

o 

~0 

0 

0 

o 

c 

o 

o 

0 

DC 


p 

0 

0 

0 


£ 

_0 

O 

tr 

0 

-»-* 

0 

0 
-*— » 

Jl) 

.a 

_0 

O 

0 

"0 

0 

C 

o 


r\ 

_LJ -*— < 


0 

d 


0 
+— • 

C 

0 

E <b 

0 ) 0 
CL £ 
X T5 
0 £ 
o5 

i 0 


0 o 
> o 


0 

.£ 

0 

0 

c 

o 

-t— > 

o 

0 

i_ 

0 

C 

X) 

o 

_Q 

_0 

_Q 

X 

_0 

M— 

0 


0 

N 

E 

*c 

E 

o 

+ j 

0 

"O 

o 

_c 

0 

E 

0 

4-» 

0 

D) • ■ 

1 * 0) 

0 O 

> 5 

1 8 


C 

o 

0 

0 

c 

0 

CL 

E 

o 

o 

E 

3 

-4— • 

c 

0 

E 

o 

E 


CD 

c 

Q. 

0 

_C 

0 

0 

3 

cr 


3 

CL 

C 


■ bybtbmb/lqral CSI/MMC Final Report 




REPORT DOCUMENTATION PAGE 

Form Approved 
Ohm No. 0704-0186 

Public reporting burden for this collodion of Information Is estimated lo average 1 hour per response. Including the time lor reviewing Instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection ot Information. Send comments regarding this burden estimate or any other aspect ol this 
coHoctlon ot Information. Including suggestions lor reducing this burden, to Washington Headquarters Services, Directorate lor Inlormation Operations and Reports. 1215 Jeflerson Davis 
Highway Suite 1204 Arlington VA 22202-4 X2 and lo the Office ol Management and Budget. Paperwork Reduction Project (0704-0188). Washington, DC 20503. 

1. AGENCY USE ONLY {Liwbltnk) 

2. REPORT DATE 

September 1 992 

3. REPORT TYPE AND DATES COVERED 
Contractor Report 

4. TITLE AND SUBTITLE 

Control-Structure Interaction/Mirror Motion Compensation 

5. FUNDING NUMBERS 

C NAS1-19242 
WU 590-14-41-01 


6. AUTHOR(S) 

Mark McLaren, Peter Chu, Xen Price 


PERFORMING ORGANIZATION NAME(S) AND ADDRESSEES) 
Space Systems/Loral 
3825 Fabian Way 
Palo Alto, CA 94303 


8. PERFORMING ORGANIZATION 
REPORT NUMBER 


SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
National Aeronautics and Space Administration 
Langley Research Center 
Hampton, VA 23665-5225 


10. SPONSORING/ MONITORING 
AGENCY REPORT NUMBER 

NASA CR-189672 


11. SUPPLEMENTARY NOTES 

Langley Technical Monitor - William L. Grantham 
Final Report - Task 1 


12a. DISTRIBUTION / AVAILABILITY STATEMENT 

Unclassified - Unlimited 
Subject Category 1 8 


12b. DISTRIBUTION CODE 


13. ABSTRACT (Mmxlmum 200 word*) 

Space Systems/Loral (formerly Ford Aerospace, Space Systems Division) has implemented a rigid-body Mirror Motion 
Compensation (MMC) scheme for the GOES-I/M spacecraft currently being built for NASA and NOAA. This has resulted in 
a factor of 15 reduction in pointing error due to rigid-body spacecraft motion induced by the periodic black-body calibration 
maneuvers required for the instruments. For GOES the spacecraft and the payload mirrors are considered as rigid bodies. 
The structural flexibility effects are small and are included in the total pointing budget as a separate item. 

This paper extends the MMC technique to include structural flexibility. For large multi-payload platforms, the structural 
flexibility effects can be more important in sensor pointing jitter as the result of payload motion. Sensitivity results are 
included to show the importance of the dynamic model fidelity. 


14. SUBJECT TERMS 

Spacecraft pointing jitter, Feed Forward Compensation, Precision Pointing 


IS. NUMBER OF PAGES 

129 


16. PRICE CODE 

A07 

20. LIMITATION OF ABSTRACT 


17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 


18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 


19. SECURITY CLASSIFICATION 
OF ABSTRACT 


NSN 7540 01 280-5500 


Standard Form 298 (Rav. 2-89) 

Prescribed by ANSI Std. Z39-18 
298-102 





